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ABSTRACT 
The energy demand of the corn-based bioethanol production could be reduced using the 
agricultural byproducts as bioenergy feedstock for biogas digesters. The release of 
lignocellulosic material and therefore the acceleration of degradation processes can be 
achieved using thermal and mechanical pretreatments, which assist to hydrolyze the cell 
walls and speed the solubilization of biopolymers in biogas feedstock. This study is 
focused on liquid hot water, steam explosion and ultrasonic pretreatments of corn stover. 
The scientific contribution of this paper is a comprehensive comparison of the 
performance of the pretreatments by fast analytical, biochemical, anaerobic digestibility 
and biomethane potential tests, extended by energy consumptions and energy balance 
calculations. The effectiveness of pretreatments was evaluated by means of soluble 
chemical oxygen demand, biochemical oxygen demand and by the biogas and methane 
productivities. The results have shown that the thermal pretreatment, steam explosion 
and ultrasonic irradiation of biogas feedstock disintegrated the lignocellulosic structure, 
increased and accelerated the methane production and increased the cumulative biogas 
and methane productivity of corn stover in reference to the control during mesophilic 
anaerobic digestion. The energy balance demonstrated that there is an economical basis of 
the application of the liquid hot-compressed water pretreatments in a biogas plant. 
However, the steam explosion and ultrasonication are energetically not profitable for corn 
stover pretreatment. 
KEYWORDS 
Liquid hot-compressed water treatment, Steam explosion, Ultrasonic disintegration, 
Biogas digestion, Corn stover. 
INTRODUCTION 
The main feedstock for bioethanol in Europe is the corn grain. The economics of 
corn-based bioethanol production is aimed to be improved by using more heat-tolerant 
corn varieties [1] with high starch content and by reduction of the energy demand of the 
process using renewable energy sources. The biogas obtained from Anaerobic Digestion 
(AD) of agricultural and distillation byproducts, is useful for production of heat and 
electricity in combined bioethanol and biogas plants. Furthermore, the digestion of 
agricultural byproducts leads to an additional quantity of organic manure, because the 
digestate can be used as an organic fertilizer [2]. The corn stover is the most abundant 
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crop residue readily available nowadays in Hungary, with production of 10-11 million 
tons annually [3], but currently the corn silage is one of the most valuable bioenergy 
feedstock for biogas digesters [4]. Li et al. [5] have shown that the efficiency and stability 
of digestion of chicken manure can be improved by addition of corn stover. Xiao et al. [6] 
have proven the influence of particle size and alkaline pretreatment on the anaerobic 
digestion of corn stover. Zhou et al. [7] introduced stack-pretreatment to gain higher 
biogas production from corn stover through solid state anaerobic digestion.  
However, the complexity and variability of the lignocellulosic structure hinder the 
biodegradation, particularly the hydrolysis of the complex organic matter to turn into 
soluble compounds, which is the rate limiting step of the degradation [8]. This structural 
resistance can be broken by physical, chemical and biological pretreatment methods [9] 
or by their combinations [10]. The purpose of pretreatment is to change lignin and 
hemicellulose structures, reduce cellulose crystallinity, and increase the porosity of the 
materials [11] (Figure 1). The physical pretreatments include mechanical (grinding, 
milling, ultrasonic and microwave radiations, gas explosions) and thermal treatment 
methods (hydrothermal treatment, steaming, steam explosion and freezing).There are 
chemical and biological methods as well [12]. Two of the most common are the dilute 




Figure 1. The effect of pretreatment of lignocellulosic material (Kumar et al. [11]) 
 
Liquid Hot-Compressed Water (LHCW) is a commonly used hydrothermal 
pretreatment method. High temperature with high pressure is applied to maintain liquid 
phase and to avoid vaporization. During the pretreatment, water is penetrated into the cell 
structure of the biomass, hydrating cellulose, solubilizing hemicellulose, and slightly 
removing lignin. LHCW pretreatment is highly effective for enlarging the accessible and 
susceptible surface area of cellulose and improving cellulose degradability for microbes 
and their enzymes [15, 16]. After the hydrothermal treatment the biogas production was 
increased by 7.8% of pig manure, 67.8% of municipal sewage sludge and 18.5% of 
fruit/vegetable waste [17]. Su et al. [18] observed that the hot water treatment increased 
the enzymatic digestion of corn leaf and corn stalk. The hot water pretreatment of 
destarched corn fiber resulted in the dissolution of 58% of the solids and 75% of xylan 
[19]. Weil et al. [20] have shown that hot water pretreatment of corn fiber raised the 
conversion rate of enzymatic hydrolysis of cellulose. 
Steam Explosion (SE) is one of the most effective methods for the pretreatment of 
lignocellulosic biomass. In this process the biomass is heated with high-pressure steam 
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for a certain period of time, then the pressure is reduced to atmospheric pressure as 
quickly as it is possible. The biomass is undergoes on an explosive decompression by this 
swift reduction of pressure [21]. The high efficiency of the steam explosion treatment is 
due to the thermo-mechano-chemical destruction applied in the method. 
Steam-pretreatment has been used to hydrolyze the hemicellulose and cellulose of 
softwood for enhanced bioethanol production [22]. Fernández-Bolaños et al. [23] have 
shown that steam-explosion improved the accessibility of the cellulose and increased the 
enzymatic hydrolysis yield of seed husks of olive stones. Kaar et al. [24] identified the 
optimum conditions of the steam explosion cycle to pretreat sugarcane bagasse for 
conversion into ethanol and pointed out that steam explosion processing optimums are 
highly feedstock dependent, since different carbohydrates compositions dictate different 
conditions. The anaerobic fermentation characteristics of green and dried corn straw 
pretreated by steam explosion method were investigated by Xu et al. [25], who have 
shown that the fermentation cycle of green straw is shorter than that of the dried one by 
4-7 days. Wang et al. [26] used the steam exploded pretreatment technology to process 
corn stalk, and demonstrated that the biogas production per unit of pretreated corn stalk 
increased 16.8% ~ 63.2% than the unexploded corn stalk. Varga et al. [3] proved that 
steam pretreatment removed the major part of the hemicellulose from the solid material, 
made the cellulose more susceptible to enzymatic digestion and increased the enzymatic 
conversion (from cellulose to glucose) of corn stover more than four times, compared to 
untreated material. The results of Wang et al. [27] indicated that the anaerobic digestion 
of the stillage remains after high-solids ethanol fermentation from unwashed steam 
exploded corn stover was able to improve overall content utilization and extract a greater 
yield of lignocellulosic biomass compared to ethanol fermentation alone. 
The biogas yields of anaerobic digestion can be also increased by Ultrasonic 
Treatments (UT) to support the solubilization of raw materials. During the ultrasonic 
treatment a cyclic sound pressure is used to disintegrate the cell walls by cavitation. The 
parameters of the sonication are the power, frequency and time of sonication [8, 28]. 
Zhang et al. [29] showed that ultrasonic pretreatments caused indistinctive effects on 
bio-hydrogen production. Yachmenev et al. [30] demonstrated the acceleration of corn 
stover enzymatic hydrolysis by low intensity uniform ultrasound, which significantly 
increased the reaction rate. 
The comparison of the various pretreatments and the selection of the suitable 
processes for the disintegration of corn stover for enhanced biogas production are 
difficult. This is mostly because of the differences in the microbial communities in 
different biogas fermenters, in the inocula used, in the substrates cultivated under 
different conditions and in the methods applied to assess pretreatments: chemical 
analysis, batch tests or continuous Anaerobic Digestion (AD). Therefore the systematic 
studies, which deal with the assessment of the several substrate pretreatments on 
anaerobic digestion using the same inoculum, substrate and microbial community in the 
same biogas fermenters, are the main novelties of this publication. The coupled 
determination, interpretation and comparison of the performance of the pretreatments, 
extended by energy consumption and energy balance calculations are the essential 
highlights of this paper. 
For this reason this work is focused on liquid hot-compressed water, steam explosion 
and ultrasonic pretreatments of corn stover using both fast analytical, biochemical and 
biomethane potential AD tests to study and compare the effects of pretreatments on 
anaerobic digestion without addition of chemicals. The influence of temperature and 
contact time of thermal treatments and the effect of sonicated energy on breakdown of 
lignocelluloses on a chemical level have been determined using laboratory scale 
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experimental techniques. The effectiveness of thermal and ultrasonic treatments was 
evaluated by Soluble Chemical Oxygen Demand (SCOD), Biochemical Oxygen Demand 
of sample during 5 days of incubation (BOD5) and by the biogas and methane 
productivities during mesophilic fermentations. 
MATERIALS AND METHODS 
Materials 
Corn stover consists of the leaves and stalks of a new Hungarian corn hybrid 
“MvMiranda” (FAO 460, year of certification 2007) a cross-bred hybrid, was studied in 
our investigation as feedstock. The FAO maturity numbers have been calculated using 
the method proposed by Marton et al. [31]. This maize hybrid was developed by the 
Agricultural Research Institute of the Hungarian Academy of Sciences (Martonvásár, 
Hungary), under the brand name of Marton Genetics. Corn hybrid “Miranda” is bred 
under dry and extensive conditions, the advantage of which can mainly be appraised in 
such Central-Eastern European markets, where maize growers face the challenges of the 
lack of precipitation and heat stress that is typical of the area anyway but has been made 
more frequent due to the general warming-up today. The hybrid is grown for it’s high 
yield and low moisture content. The high starch content of the raw material has improved 
the species to an optimal feedstock of bioethanol fermentation. The stalks are stable and 
keep stability even at over-ripening, ensuring safe late harvest conditions without loss. 
Field experiments demonstrated that new Hungarian hybrids have natural tolerance 
against western corn rootworm [32]. It was reported by Szőke et al. [33] that Martonvásár 
hybrids (Mv) have satisfactory tolerance of stalk rot. Post-harvest residue corn stover 
samples were chopped, homogenized and analyzed for dry substance content (%DS) 
95.09%, organic dry substance content 98.55%, C/N ratio 24.6 and ash content 1.45%. 
Demineralized water obtained after deionization using cation and anion exchange resins, 
is defined as water in this work. 
The specific heat capacity (Cp) of the corn stover sample in the temperature range of 
20-150 °C was determined by DSC measurements with a Setaram C80D high-pressure 
reaction calorimeter. The temperatures and heat flow values during the DSC 
measurements were recorded by Calisto Acquisition software, while the data evaluation 
was done by the Calisto Processing software. The Cp values for water were taken from 
the literature [34]. The temperature dependences of Cp of corn stover and water were 
obtained after fitting a second degree polynomial curve to the experimental data 
according to eq. (1): 
 
       
                     (1) 
 
The data fitting was carried out by Microsoft Excel Solver Add-in module, using the 
Cp values and the corresponding temperatures as input parameters. The coefficients of eq. 
(1) determined from the experimental Cp data of the corn stover sample, as well as for 
water are given in Table 1. 
 
Table 1. The fitted parameters of eq. (1) for specific heat capacities (Cp) of corn stover and water 
 
Sample a b c 
Cornstover -7.53E-05 0.0231 1.1882 
Water 4.00E-05 1.00E-04 4.1114 
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Liquid hot-compressed water treatment.  The LHCW pretreatment was carried out in 
a 2 L capacity Parr 4843type high-pressure reactor at the temperatures of 100, 150 and 
175 °C (0.1, 0.5 and 0.9 MPa, respectively) and at various treating times from 10 to 120 
minutes. 25 g of corn stover were used in each experiment and were added to 1,000 g of 
water. The suspension was introduced into the thermal reactor at room temperature and 
heated to the set temperature. The pulp slurry was mixed by a built-in stirrer at 300 rpm 
during the whole treating process to avoid temperature gradients. After treatment, the 
reactor was cooled down to 30 °C by the built-in cooling system of the reactor using cold 
water-flow and the treated slurry was removed from the vessel. 
 
Steam explosion pretreatment.  SE treatment was performed in a steam explosion 
laboratory unit (Figure 2) consisting of a steam generator (2), a digester vessel (6) and a 
separator cyclone (8). A 2 L capacity PARR 4843reactorwas used for the production of 
steam with the temperatures of 185, 200 and 215 °C and working pressures of 1.1 MPa, 
1.6 MPa and 2.1 MPa, respectively. The SE unit operated by batches and equipped with a 
digester vessel (6) of 0.2 L working volume. The digester vessel was filled with 10 g 
feedstock per batch and was heated to the desired temperature, directly with saturated 
steam led to the vessel, by opening the steam inlet valve (5). No catalysts (additional 
chemicals) were applied in the process. After the steaming time (1-10 minutes), the 
expansion valve (7) was opened to rapidly reduce the vessel pressure to the atmospheric 




Figure 2. The steam explosion equipment (1. input valve, 2. steam generator (Parr 4843 reactor), 
3. pressure gauge, 4. evacuation valve, 5. steam inlet valve, 6. digester vessel, 7. expansion valve, 
8. cyclone, 9. sampling valve, 10. steam outlet valve) 
 
Ultrasonic treatment.  The ultrasonication was performed in a sonication chamber by 
usinga Vibracell VCX 750 (Sonics & Materials, USA) ultrasonic processor, which 
operated at constant sonication frequency of 20 kHz with maximum power input of 750 
W. The radiation was carried out by a 25.4 mm diameter titan alloy (Ti-6Al-4V) probe 
with removable tip and maximum amplitude of 35 m. Samples of the mixture of corn 
stover (1 g) and water (99 g) placed in a thermostated vessel, were subjected to ultrasonic 
pretreatment without additional agitation at different power inputs by adjustment of the 
amplitude (50, 70 and 100%) and at various sonication durations of from 1 to 10 minutes 
for each power level. The temperature of the thermostated vessel was held constant at 25 
C during the treatment by a high-precision thermo-regulator (Huber Kältemaschinenbau 
GmbH, Germany), to avoid any thermal effects.  
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Aliquot parts of the resulting pulp slurries of samples obtained from pre-treatments 
were used as substrate in the AD test. The rest were filtered to separate the solid fraction 
from the liquid fraction for analytical measurements (SCOD, BOD5, pH). A set of 
untreated samples, i.e. the blank samples, were also tested for chemical analysis and 
methane potential by AD as the control points of reference for the treated samples. 
 
Mesophilic anaerobic digestion.  The anaerobic degradability of untreated, LHCW, 
SE and UT pretreated corn stover slurries was determined in laboratory scale, using a 
fermenter system containing 12 Pyrex batch reactors of 1 L capacities. Inoculum for the 
AD tests was taken from the effluent line of an anaerobic pilot fermenter [35] treating a 
mixture of swine manure and corn stillage (spent mash remaining after bioethanol 
distillation) at biogas test facility of DENK Ltd (Kövegyűrpuszta, Hungary). The batch 
reactors were inoculated by 700 g inocula (%DS = 8.16%) and then 100 g of corn stover 
pulp slurry samples were added under nitrogen sparging to prevent exposure to air. 
Furthermore, the digester materials were bubbled with nitrogen gas for 10 minutes to get 
rid of the air from the liquid phase before each experiment. The batch reactors were kept 
in a temperature controlled water bath at 37 °C until they stopped producing biogas. The 
mesophilic AD tests performed for corn stover substrates including controls were all 
done in duplicate. During the 36-days of mesophilic AD tests the flow of the produced 
biogas was measured on-line by digital flow meters and the daily and cumulated biogas 
volumes were stored digitally. The methane content was determined by gas 
chromatography. 
 
Analytical and biochemical measurements.  The SCOD, pH and BOD5 measurements 
were carried out on the liquid fractions after 10 min centrifugation at 14,000 rpm and 20 
C with a refrigerated universal high-speed centrifuge (UniCen MR, Herolab, Germany) 
and filtration (0.45 m). Colorimetric SCOD concentration was measured by the 
Standard Methods procedure [36] using a NanocolorVario Compact heating block 
(MACHEREY-NAGEL, Germany) and a MultiDirect photometer (Tintometer 
Lovibond, Germany) according to DIN ISO 15705 [37]. Biochemical Oxygen Demand 
(BOD5) was determined according to EN 1899-1 [38] and EN 1899-2 [39] by using 
OxiTop Control 6 OC 100 (WTW, Germany) measuring systems. The pH values were 
measured by a C831 type  pH meter (Consort, Belgium) with an RA-0903P sensor 
(Radelkis, Hungary) after two-point pH calibration (pH = 4.01 ± 0.01 and pH = 7.00 ± 
0.01) using DuraCal pH buffers (Hamilton, Switzerland). The surfaces of the maize 
leaves and stalks were investigated by a PHILIPS XL30ESEM (enviromental scanning 
electron microscope), using 20 kV (max. 30 kV) accelerating voltage with a resolution of 
3.5 nm. The ESEM were used in Secondary Electron Image mode (SEI) and 
Backscattered Electron Image mode (BEI). 
RESULTS 
Liquid hot-compressed water treatment 
The influence of LHCW pretreatments on SCOD concentration of corn stover slurry 
at various temperatures and treating times is visualized by 3D mesh segmentation on 
Figure 3. The control experiments were performed using non-pretreated corn stover 
suspension. The results show that LHCW treatment has a positive effect in corn stover 
disintegration under all the parameters (temperature and treating time) tested, leading to 
significant increments in SCOD concentration: +65% at 100 °C, +115% at 150 °C and + 
329% with an operating time of 30 min, respectively. Both temperature and time have 
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positive, but non-linear effects on SCOD, thus at increasing values of these factors the 
response variable SCOD will also increase. However, the two factors considered 
(temperature and time) affected the treatment results evaluated in SCOD not in the same 
extent. The treating time has less effect on the solubilization of corn stover after 30 
minutes than the temperature rise. This result is in agreement with that published by Valo 
et al. [40] who evaluated the effectiveness of thermal treatment of sludge by means of 
SCOD concentration and obtained that treating time had less influence than temperature 




Figure 3. The effect of LHCW pretreatment temperatures and times on SCOD concentration of 
corn stover suspension (: experimental data point) 
 
As shown in Figure 3, the higher the treatment temperature, the more organic material 
is solubilized during the pretreatment. However, higher pretreatment temperature 
resulted in more acid production during the hydrolysis as reflected by the low pH level of 




Figure 4. The pH level of corn stover suspension as the function of LHCW pretreatment time and 
temperature (: experimental data point) 
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The pretreatment temperature and pressure had a significant effect on the digestibility 
of corn stover. Higher temperatures and pressures resulted in higher solubilization 
(Figure 5) and lower pH level of the treated slurry (Figure 6). Compared with untreated 
corn stover, the SCOD concentration increased by +434% at 185 °C, +503% at 200 °C 
and +584% at 215 °C with an operating time of 3 min, respectively. The pressure effect is 
quasi-linear and the effect of the duration time can be modeled by an 
exponential-to-maximum function. The positive pressure effect may be explained by the 
increased disintegration caused by higher pressure drop. More soluble compounds were 
released from the straw during the steam explosion and made the corn stover slurry 




Figure 5. The effect of steam explosion on SCOD concentration levels at various steam pressures 




Figure 6. The effect of steam explosion on pH level at various steam pressures as the function of 
the treatment time (: experimental data point) 
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Additionally, the pH value decreased with pretreatment temperature (steam pressure) 
and pretreatment duration time (Figure 6), which indicates the presence of more acidic 
degradation product during disintegration of corn stover slurry and demonstrates that 
steam explosion implying the formation of organic acids. This observation is in 
agreement of the experiences of Guo et al. [41], who pointed out that steam explosion 
resulted in a substrate that was most favorable for microbial growth and organic acid 
production, compounds which would be suitable substrates for conversion to methane by 
anaerobic digestion. 
Ultrasonic pretreatment 
The effectiveness of ultrasonic pretreatment of corn stover was quantified by SCOD 
concentration of the slurry as a function of pretreatment time and power input in terms of 
ultrasonic amplitude level (%) and specific sonicated energy. Results of ultrasonic 
treatments are shown in Figure 7, where the values of the SCOD concentrations are 




Figure 7. The effect of sonication on SCOD concentration level of corn stover slurry as the 
function of sonication time and relative ultrasound amplitude (: experimental data point) 
 
Three levels of the maximum amplitude: 50%, 70% and 100% were tested in the 
study and it can be concluded that slurry SCOD increased with the ultrasonic power, 
which indicates that the cavitation energy was effective to disrupt the cell walls of the 
corn leaves and stalks. The SCOD concentration excess can reach +40% at 50% 
amplitude level, +44% at 70% amplitude level and +46% at 100% amplitude level with 
an operating time of 3 min, respectively. The ultrasonic power and the pretreatment time 
affect the SCOD in dissimilar degrees. The rise of SCOD values by treating time is 
stabilized after 3 minutes. However, the energy effect is quasi-linear and can be well 
demonstrated by Figure 8, where all the SCOD values are plotted as a function of the 
specific sonicated energy. The SCOD concentrations were increased by the sonicated 
energy and no power-saturation phenomenon was observed. The sonicated energies are 
in the most effective energy region, over the minimal energy of 1,000 J/g DS, which is the 
minimal energy necessary to break cells [42]. 
The pH values of the sonicated corn stover slurries decreased slightly with 
pretreatment time and sonication power (Figure 9), which proves that local temperature 
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effects caused by cavitation bubbles were not enough to accelerate the hydrolytic 




Figure 8. SCOD change in corn stover slurry as a function of specific sonicated energy  




Figure 9. The effect of sonication power on the pH level of corn stover slurry as the function of 
the treatment time (: experimental data point) 
Environmental scanning electron microscopy 
The surfaces of the corn leaves and stalks were investigated by Environmental 
Scanning Electron Microscopy (ESEM), focusing on the destroyed plant tissues. The 
ESEM pictures of the surfaces on untreated and steam-explosion-treated maize leaves are 
given in Figure 10 at 100× magnification. The surface of the pretreated maize leaves is 
not uniform (Figure 10b), there is unevenness and cracks on the surface, which is much 
rougher as the surface of the untreated leaves (Figure 10a). The ESEM pictures of the 
surfaces on an untreated and ultrasonic-treated maize stalk are given in Figure 11 at 100× 
magnification. The surface of the maize stalk treated by ultrasound is not homogenous 
(Figure 11b), there are defective plant issues on the surface, which is much destroyed as 
the surface of the untreated stalk (Figure 11a). 
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    a)                b) 
 
Figure 10. ESEM pictures of the surface on untreated (a); and steam explosion treated (b) 
maize leaves at 100× magnification 
 
 
       a)                b) 
 
Figure 11. ESEM pictures of the surface on untreated (a); and by ultrasonic treated (b) maize 
stalks at 100× magnification 
 
The comparison of the results of the chemical analysis, the SCOD concentration and 
pH changes of corn stover slurries in liquid hot-compressed water, steam explosion and 
ultrasonic pretreatment processes resulted in the conclusion that the most effective 
disintegration method is the steam explosion for the disruption of corn stover 
lignocellulosic structure and partial hydrolysis of it molecular components. However, 
results of these fast methods can only indicate how much the structures of lignocellulosic 
materials have broken down on a chemical level. Nevertheless, greater breakdown of the 
lignocellulose structures does not necessarily prove enhanced biogas production because 
inhibitors for methanogenesis reactions can also be produced through hydrolytic 
processes during pretreatments. Furthermore, one has to take into account the high 
energy needs of treatment at elevated temperatures. According to the results of fast 
chemical analyses (SCOD and pH) the optimal conditions for the LHCW, steam 
explosion and ultrasonic treatment of corn stovers were established as 150 C/30 min, 
200 C/3 min and 100% ultrasound amplitude/3 min (at 25 C), respectively. However, to 
study the real effect of optimal conditions of the investigated pretreatments additional 
biochemical tests like BOD and biomethane potential determinations are absolutely 
necessary. 
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Biochemical oxygen demand 
A comparison of the biochemical oxygen demands of filtrates of corn stover slurries 




Figure 12. Comparison of the BOD5 test of filtrates of corn stover slurries after various 
pretreatment methods 
 
The results of the BOD5 tests support the conclusions of the chemical analysis. 
Actually, all three methods investigated are appropriate for pretreatment of corn stover, 
because the BOD5 values systematically increased in filtrates of corn stover slurries with 
the treatment time under the conditions investigated. However, the highest BOD5 values 
were obtained in filtrates after steam explosion, therefore the steam explosion seems to 
be the most effective disintegration method to disrupt the lignocellulosic structure of corn 
stover and to partially hydrolyse its molecular species, resulting in the formation of 
bacterially digestible substrate.  
A comparison of the ratios of BOD5/SCOD for various pretreatment methods is given 
in Figure 13. This ratio, the so called “biodegradability index”, is commonly used as a 




Figure 13. Comparison of the BOD5/SCOD ratios of filtrates of corn stover slurries after various 
pretreatment methods 
 
The BOD5-to-SCOD ratio is in the range of 0.6-0.7 for the ultrasonic treatment (100% 
ultrasound amplitude at 25 C), which indicates that filtrates of corn stover pulp slurry 
after ultrasonication is easily biodegradable, because at low temperature the pretreatment 
does not produce inhibitors for enzymatic hydrolysis even after long pretreatment time. 
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However, in harsh conditions of steam explosion treatments (working pressures of  
1.6 MPa at 200 °C), lower enzymatic digestibility of corn stover slurry was observed. The 
obtained BOD5/SCOD ratios are between 0.39-0.44 exhibiting average biodegradability 
for the steam exploded slurry. Our observations are in agreement with those of 
Söderström et al., who pointed out that during steam pretreatment, the pentoses and 
hexoses formed from the hydrolysed hemicellulose and cellulose may be further 
degraded to furfural, 5-hydroxymethylfurfural HMF, levulinic acid and formic acid, 
together with other substances, which may cause inhibition in the fermentation step [22]. 
The presence of the acidic compounds has also been proven by the acidity of the steam 
exploded corn stover pulp with pH value of 4.6, as it is given in Figure 6.  
The Liquid Hot-Compressed Water (LHCW) pretreatment method (150 °C at  
0.5 MPa) also causes easily biodegradable feedstock for AD with BOD5/SCOD ratios 
between 0.61-0.55 at low and moderate treatment times (10-50 minutes), making the corn 
stover slurry more suitable for biological treatment, and thus increases the potential of 
cellulose hydrolysis and biogas production. Nevertheless, the higher treatment times of 
LHCW treatment intensify the cellulose, hemicellulose and lignin degradation, resulting 
in average enzymatic digestibility of biogas feedstock with BOD5/SCOD ratios of 
0.47-0.43. 
Biogas production by mesophilic anaerobic digestions 
Biogas production tests were also undertaken for corn stover slurries pretreated by 
LHCW, steam explosion and ultrasounds under stated optimal conditions (LHCW: 150 
C/30 min, steam explosion: 200 C/3 min, and ultrasonic treatment: 100% ultrasound 
amplitude/3 min at 25 C). Daily and final biogas and methane production (normalized 
volumes at 0 C and 101.15 kPa) were determined as the net contribution of corn stover 
feedstock by subtraction of the inoculum data from the gross biogas and methane 
generation values of the inoculated digesters with corn stover substrates. The specific 
values were calculated by dividing the cumulated gas amount with the dry substance 
mass (g DS) of the substrates (Table 2). As reference the untreated material was used in 
the same amount. 
 





g DS from corn 
stover pulp [g] 
Water content  




Moisture content of 
the mixture [g] 
Corn stover pulp slurry without 
pretreatment 
1 9.6 90.9 716.5 68.1 749.4 
2 9.7 90.4 718.7 68.3 751.0 
Corn stover pulp slurry 
pretreated by LHCW 
3 9.6 90.2 712.4 67.7 745.0 
4 10.0 90.2 714.7 68.3 747.1 
Corn stover pulp slurry 
pretreated by steam explosion 
5 9.6 89.8 719.0 68.3 750.6 
6 9.5 90.7 716.7 68.0 749.4 
Corn stover pulp slurry 
pretreated by ultrasonication 
7 9.7 90.3 720.2 68.5 752.2 
8 9.6 90.7 724.4 68.7 756.5 
Inoculum 
9 - - 802.9 65.5 737.4 
10 - - 805.2 65.7 739.5 
 
Figure 14 demonstrates a typical comparison of the gross and net specific cumulative 
biogas yields of steam exploded corn stover substrate with that of the inoculum. 
The net averaged daily and final biogas and methane production with standard 
deviations between the duplicates were presented as the function of the digestion time in 
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Figure 15 and 16. The graphical representations of the variabilities of the experimental 
data are given on the graphs by error bars to indicate the uncertainty in the reported 
measurements. In agreement with the results of chemical analytical and biochemical tests 
after pretreatment, the specific total biogas and methane yields obtained for treated corn 
stover substrates were significant higher than that of the untreated control. Mondal et al. 
[43] have also observed that if the pretreatment has a positive effect on digestion, it 
causes the increase in the SCOD value and also enhances the rate of anaerobic digestion 




Figure 14. A comparison of the gross and net specific cumulative biogas yields (Ncm
3
/g DS) of 
steam exploded corn stover substrate with that of the inoculum only (averaged data with error 




Figure 15. Net specific cumulative biogas yields (Ncm
3
/g DS) of corn stover substrates after 
pretreatments (averaged data with error bars of the standard deviations) 
 
As seen in Figure 15, biogas productions began immediately, without a lag period 
after starting the degradation of corn stover. The fastest biogas production at the 
beginning was detected at the steam explosion and hydrothermal (LHCW) pretreatment 
method. The possible reasons are the more soluble compounds, which were released 
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from the corn stover during the steam explosion and LHCW pretreatments and made the 
corn stover potentially available to subsequent bacterial degradation. High pretreatment 
temperatures resulted in more acid production during the hydrolysis and higher biogas 
production rate during the biogas fermentation of corn stover. 
The biogas production proceeded in constant and high daily biogas production during 
hydraulic retention times of 5 days for steam exploded and sonicated substrates and 
during the whole time period for LHCW treated and untreated substrates. After the steep 
increase, from the 6
th
 day the rate of the biogas evolution decreased resulting in a plateau 
of the cumulative curves for steam exploded and sonicated substrates. This observation is 
important because the application of steam explosion can decrease the cycle time of 
biogas fermentation and increase the production of biogas with higher methane content. 
The comparison of the biomethane yields is given by Figure 16. Methane production, the 
major result of anaerobic digestion of pretreated corn stover, was markedly increased by 
the three pretreatments. The highest biomethane production rate was observed at the 
substrates after steam explosion. The biomethane production rate of LHCW treated and 




Figure 16. Net specific cumulative methane yields (Ncm
3
/g DS) of corn stover substrates after 
pretreatments (averaged data with error bars of the standard deviations) 
Energetic balance 
Although all the three pretreatment methods increase the solubilization of the organic 
matter, furthermore the structural disintegration and the biogas productivity of corn 
stover, their application can only be suggested, if the economical basis for doing the 
pretreatments on-site, in real conditions in a biogas plant, is assured. Therefore, the 
energy consumption and energy balance of pretreatments were calculated, which is the 
most important part of the economical basis, besides the investment cost reduction by 
shorter residence times and production security.  
The energetic analysis was based on the concepts that the energy (low calorific value, 
LCV = 32.7 MJ/Nm
3
) of the methane content of excess biogas due to the pretreatment 
covers the energy demands of the pretreatment processes. The heat demand of the LHCW 
pretreatment was calculated as the heating enthalpy required to the heating up of the corn 
stover + water mixture to the temperature of the hydrothermolysis. The specific energy 
demand of steam explosion was determined by estimation of the energy requirement for the 
steam production. The electrical energy need of ultrasonication pretreatment was calculated 
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from of specific sonicated energy (Figure 8) measured and monitored by our sonication 
device (see subsection “Methods”). The calculated energy demands of the LHCW, steam 
explosion and ultrasonic pretreatments can be compared with the total caloric value (the 
amount of energy produced by the complete combustion) increment of the excess 
biomethane yield of the pretreated corn stover feedstock in Table 3.  
The calculated energy balances demonstrated that the energy demand of liquid 
hot-compressed water is lower than the total caloric value rise of the methane content of 
excess biogas of the pretreated slurry, which supports the application of the LHCW 
pretreatments in a biogas plant. Assuming that the produced excess biogas is burned in a 
gas engine [44], which is a combined heat and electrical power unit with 32% electrical 
and 48% thermal efficiency, the generated heat can cover the heat need of the 
thermohydrolysis. The excess electrical energy produced is a clear profit, which is fed 
into the public grid or is utilized within the plant. However, the energy demand of steam 
explosion and ultrasonic pretreatment is higher than the latent energy increment of the 
pretreated slurry in form of raised biogas productivity, therefore these two pretreatment 
processes are energetically not profitable for corn stover.  
 
Table 3. The calculated energy demand of the Liquid Hot-Compressed Water (LHCW), steam 
explosion and ultrasonic pretreatments and the total caloric value increments with energy balances 












Energy demand 98 544 1,356 
Total caloric 
value increment 
+170 +279 +162 
Energy balance +72 -265 -1,194 
 
Because the energy balance of the steam explosion of corn stover is negative, their 
application is only suggested, if the shorter cycle time of the anaerobic digestion and the 
shorter residence time of the corn stover feedstock in the fermenter resulted in the design 
of smaller biogas digester and therefore smaller investment costs. Due to the steam 
explosion and liquid hot-compressed water pretreatments, the methane yield of the 
pretreated corn stover slurry reached the 90% of the enhanced biomethane potential of 
the pretreated feedstock after 8 days, which is 20% of the usual hydraulic retention time 
of an anaerobic digester. This enormous reduction of the retention time can result in 
reduction of plant investment cost, because the design of a biogas plant is directly linked 
to its hydraulic retention time [45], and the cost of the digesters is about 14% of the total 
capital costs [46]. Aubart and Bully [47] have shown that the decrease of retention time 
permits a decrease of investment cost of 30% with a retention time of 7.5 days, and 37% 
with a retention time of 5 days. Furthermore, an additional economic basis for doing the 
pretreatments by steam explosion on-site, in real conditions in a biogas plant, is the 
production security, i.e. the high cost induced by operation problems (thick floating layer 
with fiber material, locking of impellors and pipes in biogas plants, high electricity 
requirements for mixing) caused by non-disrupted macrofibrils of lignocellulosic 
structure of corn stover. However, the use of the ultrasonic pretreatment is not 
recommended for corn stover because of the low biomethane potential increment and 
unfavorable energy balance. 
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The results of chemical, biochemical analyses and biogas/biomethane potential test 
obtained by mesophilic anaerobic digestion have been shown, that LHCW treatment, 
steam explosion and ultrasonic irradiation are effective biomass pretreatment for 
increasing the solubilization of the organic matters of corn stover. An increase in 
structural disintegration of corn leaves and stalks has been detected by scanning electron 
microscopy. Laboratory testing of anaerobic digestibility of pretreated corn stover have 
shown that the corn stover has high biogas potential and can serve as easily 
biodegradable biogas feedstock with biodegradability indices between 0.4-0.7. The 
steam exploded substrate possess the highest biogas production potential  
(428 Ncm
3
/g DS) during hydraulic retention times of 36 days with 64% methane content, 
the steam explosion pretreatment increased the biogas yield by +158% and the 
biomethane yield by +221% to 273 Ncm
3
/g DS. The LHCW pretreatment increased the 
biogas yield by +129% to 380 Ncm
3
/g DS) and the biomethane yield by +86% to  
158 Ncm
3
/g DS. The ultrasonication treatment leads to an increase in the biogas 
production potential by +53% to 254 Ncm
3
/g DS with 65% methane content, and 
increased the biomethane yield by +95% to 166 Ncm
3
/g DS. The biomass pretreatment 
techniques studied in this work can reduce the cycle time even by 50% and improve the 
gas production via the disintegration of the complex and compact plant structures of corn 
stover. The energy consumptionand the energy balance calculations of the pretreatments 
demonstrated that there is an economical basis of the application of the liquid 
hot-compressed water pretreatments in a biogas plant by an excess energy yield of  
+72 kJ/kg corn stover slurry. However, the steam explosion and ultrasonication are 
energetically not profitable for corn stover pretreatment having energy deficits of  
−265 kJ/kg corn stover slurry and −1,194 kJ/kg corn stover slurry, respectively. 
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